Quantitative phosphoproteomic analysis of plasma membrane proteins reveals regulatory mechanisms of plant innate immune responses by Nühse, Thomas S et al.
TECHNICAL ADVANCE
Quantitative phosphoproteomic analysis of plasma
membrane proteins reveals regulatory mechanisms
of plant innate immune responses
Thomas S. Nu ¨hse
1,†, Andrew R. Bottrill
2,‡, Alexandra M.E. Jones
1 and Scott C. Peck
1,§,*
1The Sainsbury Laboratory, Norwich Research Park, Colney Lane, Norwich NR4 7UH, UK, and
2John Innes Centre, Norwich Research Park, Colney Lane, Norwich NR4 7UH, UK
Received 14 March 2007; revised 16 April 2007; accepted 27 April 2007.
*For correspondence (fax +1 573 884 9676; e-mail pecks@missouri.edu).
†Present address: Faculty of Life Science, University of Manchester, Michael Smith Building, Manchester M13 9PT, UK.
‡Present address: Protein and Nucleic Acid Chemistry Laboratory, Department of Biochemistry, Hodgkin Building, University of Leicester, Leicester LE1 7RH, UK.
§Present address: University of Missouri-Columbia, 271H Bond Life Sciences Center, Columbia, MO 65211-7310, USA.
OnlineOpen:This article is available free online at www.blackwell-synergy.com             
Summary
Advances in proteomic techniques have allowed the large-scale identiﬁcation of phosphorylation sites in
complex protein samples, but new biological insight requires an understanding of their in vivo dynamics. Here,
we demonstrate the use of a stable isotope-based quantitative approach for pathway discovery and structure–
function studies in Arabidopsis cells treated with the bacterial elicitor ﬂagellin. The quantitative comparison
identiﬁes individual sites on plasma membrane (PM) proteins that undergo rapid phosphorylation or
dephosphorylation. The data reveal both divergent dynamics of different sites within one protein and
coordinated regulation of homologous sites in related proteins, as found for the PM H
+-ATPases AHA1, 2 and 3.
Strongly elicitor-responsive phosphorylation sites may reﬂect direct regulation of protein activity. We conﬁrm
this prediction for RbohD, an NADPH oxidase that mediates the rapid production of reactive oxygen species
(ROS) in response to elicitors and pathogens. Plant NADPH oxidases are structurally distinct from their
mammalian homologues, and regulation of the plant enzymes is poorly understood. On RbohD, we found both
unchanging and strongly induced phosphorylation sites. By complementing an RbohD mutant plant with non-
phosphorylatable forms of RbohD, we show that only those sites that undergo differential regulation are
required for activation of the protein. These experiments demonstrate the potential for use of quantitative
phosphoproteomics to determine regulatory mechanisms at the molecular level and provide new insights into
innate immune responses.
Keywords: quantitative phosphoproteomics, protein phosphorylation, signal transduction, innate immunity,
plasma membrane, mass spectrometry.
Introduction
A portion of a plant’s resistance to potential bacterial path-
ogens is mediated by recognition of characteristic ‘non-self’
structures associated with invading microbes, so-called
elicitors or pathogen-associated molecular patterns
(PAMPs) (Zipfel and Felix, 2005). One such perception
systems involves the recognition of a conserved portion of
ﬂagellin, the principal building block of bacterial ﬂagella, by
the FLS2 receptor kinase (Felix et al., 1999; Go ´mez-Go ´mez
and Boller, 2000). Plants lacking FLS2 are more susceptible
to virulent bacteria and are impaired in establishing induced
resistance after pre-treatment with bacterial extracts or a
ﬂagellin-derived peptide (Zipfel et al., 2004). However, the
pathway(s) leading from PAMP recognition to resistance
remain poorly understood.
Protein phosphorylation is required for numerous PAMP
responses, including production of ROS and regulation of
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kinase pathway has been shown to be rapidly regulated
in response to PAMP treatment (Asai et al., 2002), but
links between kinase activation and the diverse cellular
defence responses are still lacking (Peck, 2003). In particular,
very few differentially phosphorylated proteins have been
identiﬁed.
We previously described a directed proteomic approach
based on in vivo pulse labelling with
33P and 2D PAGE to
identify proteins thatare rapidly phosphorylatedin response
to ﬂagellin (Peck et al., 2001). Because the earliest,
PM-localized elicitor responses are dependent on phos-
phorylation (Chandra and Low, 1995; Felix et al., 1991), we
speciﬁcally targeted PM proteins in a parallel approach. Two
differentially phosphorylated syntaxins, AtSYP122 (Nu ¨hse
et al., 2003a) and AtSYP132 (M. Kalde and S.C.P., The
Sainsbury Laboratory, unpublished data), were identiﬁed.
Larger, more hydrophobic membrane proteins, however,
were not accessible using the 2D PAGE technology. We
therefore developed a peptide-based approach using
immobilized metal ion afﬁnity chromatography (IMAC) to
enrich for phosphopeptides from complex protein mixtures
(Nu ¨hse et al., 2003b). This strategy yielded directly the
sequences of hundreds of in vivo phosphorylation sites of
Arabidopsis PM proteins. These data, however, were qualit-
ative and static. In order to study the PAMP-regulated
changes in protein phosphorylation, a quantitative method
was needed to compare different samples.
Here, we describe the isotopic labelling of peptides to
achieve quantiﬁcation of dynamic protein phosphorylation
in Arabidopsis. The nature ofthe labelling technologymakes
it universally applicable both to different biological samples
[cell cultures, differentiated tissues, subcellular fractions or
(partially) puriﬁed samples] and different treatments or
developmental stages. Applying it to the response of
cultured cells to elicitation with ﬂg22, we identiﬁed several
new differentially phosphorylated proteins with a potential
role in defence response, as well as differential phosphory-
lation of proteins previously associated with plant–pathogen
interactions on the basis of genetic screens. We also
conﬁrmed that this strategy provides information about
mechanisms of protein regulation. For the NADPH oxidase
involved in the rapid production of ROS, RbohD, we
conﬁrmed that two phosphorylation sites that are strongly
induced by elicitor treatment are required for its activation,
while a site that was unchanged after elicitation could be
mutated without effect on protein activity.
Results and discussion
Establishing criteria for quantitative comparisons
For quantitative phosphoproteomic experiments, stable
isotope labelling with amino acids in cell culture (SILAC) has
become the predominant method (Ong et al., 2002). In plant
cells, however, labelling is relatively inefﬁcient (Gruhler
et al., 2005). Complete metabolic labelling with
15N via
inorganic nitrate and/or ammonia is an alternative that is
better suited to plants (Benschop et al., in press). However,
15N labelling and SILAC, like most alternative methods,
are limited to comparisons of two or three samples at
the most. A priori, this limitation makes the acquisition of
data from time courses or simultaneous comparisons of
responses in different genotypes more complicated and
potentially less reproducible. As an alternative to these
methods, we explored the use of isobaric tags for relative
quantiﬁcation (iTRAQ; Ross et al., 2004). This post-digestion
labelling tags all tryptic peptides, which is crucial for the
analysis of post-translational modiﬁcations. In addition,
the four available tags allow quadruplex experiments such
as a time course or internal repeats of biological treatments.
Cells, plants
Control and treated extracts,
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Tryptic digest
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labelling
* Ion exchange
chromatography
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IEX cleanup
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Figure 1. Schematic work ﬂow for quantitative phosphoproteomics.
Steps performed in parallel with control or treated samples are indicated with
four individual block arrows in white or grey/black. All procedures after the
pooling (indicated with asterisk) of iTRAQ labelled peptides are indicated with
a single broad multicoloured arrow. Phosphopeptides were isolated either
from labelled and pooled samples (a) or from larger amounts of unlabelled
samples, followed by iTRAQ labelling (b). Note that ion-exchange fraction-
ation is required for sample deconvolution, desalting before IMAC and post-
iTRAQ labelling sample clean-up, which means that two rounds of
ion-exchange fractionation are necessary in (b).
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(Figure 1).
The quadruplex iTRAQ label was used either to analyse a
time course comprising one control and three elicited
samples (0, 3, 7 and 15 min after elicitation, experiments
1–3), or a pair of two independent experiments with one
control and one elicited sample each (0 and 7 min, experi-
ments 4/5 and 6/7; see Experimental procedures and
Appendix S1). Labelling of peptides with the iTRAQ reagent
was performed either before (Figure 1a; experiments 1–3) or
after isolation of phosphopeptides from the digest (Fig-
ure 1b; experiments 4–7). Isolating phosphopeptides before
iTRAQ labelling allowed a much larger input of material
because one set of iTRAQ reagents labels a maximum of
4 · 100 lg protein digest. Using phosphopeptides isolated
from as much as 2 mg protein digest per sample for each
individual iTRAQ labelling reaction, we achieved more
robust signals in the mass spectrometric analysis.
The phosphopeptide samples were very complex despite
ion-exchange fractionation, and the limited overlap of the
peptides identiﬁed in each experiment reﬂects undersam-
pling during the LC–MS/MS analysis. Many of the peptides
identiﬁed in the present study had not been found in our
previous large-scale study (Nu ¨hse et al., 2003b), possibly
because of different biases in the pre-fractionation tech-
nique (cation versus anion exchange).
Although parallel PM isolations for control and treated
samples required multiple processing steps over several
hours, we found that, in comparable experiments without
phosphopeptide isolation, the distribution of treated versus
control ratios was relatively narrow (Supplementary Fig-
ure S1), and larger than twofold changes in abundance of a
peptide were signiﬁcant at the 99% level. Phosphopeptides
were distributed slightly more broadly (Supplementary
Figure S1), which may reﬂect weak regulation of a large
number of phosphorylation sites by the elicitor. We expec-
ted that additional parallel sample processing before
pooling the iTRAQ-labelled peptides (Figure 1b) might
further increase the variation of treated/control ratios.
However, the increase in distribution of ratios only slightly
affected the statistical conﬁdence (Supplementary
Figure S1, experiments 4–7). Therefore, post-IMAC
labelling is a viable approach where the limits of
LC–MS/MS sensitivity affect the coverage of the phospho-
proteome.
To identify signiﬁcantly induced phosphopeptides while
accounting for a broad biological effect on the treated/
control ratio distribution, we set the thresholds at P = 0.05 or
P = 0.1, which correlates to an approximately twofold
change in most experiments.
To deﬁne a phosphorylation site as either increasing or
decreasing during the response, we required that the
peptide be found to change signiﬁcantly in at least two
experiments and not show a contradicting accumulation
pattern in any other experiment. For strongly induced sites,
the ‘fold induction’ values often varied considerably,
probably due to the rapid kinetics of the elicitor response
(Felix et al., 1999; Nu ¨hse et al., 2000) and the challenge of
rapidly harvesting large volumes of cell cultures. Some
signiﬁcantly induced peptides were found in only a single
experiment or were consistently increased in elicited
samples but below the conservative threshold (such as
S
1053 of callose synthase PMR4/GSL5, At4g03550; full data in
Supplementary Table S1). Although these candidates
appear promising, they require further experiments for
validation.
Table 1 Signiﬁcantly elicitor-induced phosphorylation sites
Gene identiﬁer Protein name
Identiﬁed peptide and
phosphorylation site
Fold induction
(7 min elicited versus control)
At1g59610 Dynamin-related protein 2B (ADL3)
829AAAASSWSDNSGTESSPR (1P) 1.5–24*
At1g59870 PDR8/PEN3
31NIEDIFSSGSRR (1P) 6–8
ABC transporter
31NIEDIFSSGSR 3–16
43TQSVNDDEEALK 4–14
823SLSTADGNR 1.7–2.5*
At2g25270 Unknown membrane protein
529EALPEFSESKEIVR 2.5*
At2g35350 Protein phosphatase 2C
175GATSGPLDPPAGEISR 2.5–3.5
At2g47000 MDR4/PGP4 ABC transporter
637MSSIESFKQSSLR (2P) 2.5*
At3g05200 Putative ubiquitin E3 ligase ATL6
401NASFLWR 4–7*
322TNSLLVLPR 4
At3g08510 Phosphoinositide-speciﬁc phospholipase C
277EVPSFIQR 1.5–2.8
At5g47910 Respiratory burst oxidase RbohD
341ILSQMLSQK 16 to >20
Included are all phosphopeptides that were signiﬁcantly induced (P = 0.05 except where indicated) in at least two biological experiments. Bold
underlined letters indicate phosphorylation sites located with certainty; non-bold underlined residues are potential sites (i.e. one of the two or three
sites is correct). The total number of phosphorylation sites is indicated for peptides where one site could not be localized. Complete data for each
protein are listed in Supplementary Table S2.
*Induction signiﬁcant only at P = 0.1 in one or more experiments.
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novel proteins contain strongly elicitor-induced
phosphorylation sites
Based on the criteria described above, we identiﬁed 11 PM
proteins undergoing differential phosphorylation (Table 1
and Figure 2). Some phosphopeptides with Mascot scores
below the P = 0.05 signiﬁcance threshold have been inclu-
ded where careful examination of the spectrum supported
the database match (see Appendix S1). Spectra for all pep-
tides in Table 1 are available in Supplementary Figure S2.
With the exception of two H
+-ATPase sites (see Figure 2 and
Supplementary Table S2), no phosphorylation sites were
consistently and signiﬁcantly reduced in response to the
elicitor. Among the proteins with induced phosphorylation
sites (Table 1) were novel proteins and two with a recog-
nized role in pathogen defence, the ABC transporter PDR8/
PEN3 and the NADPH oxidase RbohD (see biological char-
acterization of the differentially phosphorylated residues of
RbohD, below). Although one might expect the FLS2
receptor kinase involved in transmitting the ﬂg22 signal to
be phosphorylated during elicitation, we did not observe
any phosphopeptides from this protein. However, in tar-
geted experiments analysing immunoprecipitated FLS2, we
found a single phosphopeptide from the protein that
could not be enriched by IMAC (data not shown). These
experiments also raise caution that other regulated phos-
phopeptides might similarly have escaped detection as a
result of different chromatographic properties.
PEN3/PDR8 is a plasma membrane-resident ATP binding
cassette (ABC) transporter of the pleiotropic drug resistance
(PDR) family that is highly abundant both in cell culture and
most plant tissues (Genevestigator data, http://www.
genevestigator.ethz.ch/at/). In previous phosphoproteomic
experiments (Nu ¨hse et al., 2003b and unpublished data), we
identiﬁed a large number of phosphorylation sites on the
N-terminus and unconserved linker domains of this protein.
Here, we obtained quantitative information on the
N-terminal phosphorylation sites, showing a strong increase
in phosphorylation on S
40,S
45 and possibly one additional
serine residue in response to elicitor treatment (Table 1).
Another site in the central linker domain showed a more
moderate induction. PEN3/PDR8 was recently identiﬁed in a
genetic screen for reduced resistance to invasion by inap-
propriate pathogens (Stein et al., 2006). The protein accu-
mulates at sites of attempted penetration by the non-host
powdery mildew Blumeria. graminis hordei (Stein et al.,
2006), and it is possible that it exports toxic compounds that
limit the growth of invading pathogens. Given that our
experimental system involved treatment with a bacterial
peptide elicitor in a non-polarized response, we were
intrigued to ﬁnd induced phosphorylation sites on a protein
involved in the speciﬁc polarized defence against fungi.
PEN3/PDR8 may play a broader role than anticipated in basal
defence and/or represent a convergence point of defence
signalling against bacteria and fungi. Regulation of ABC
transporters by phosphorylation, typically on the linker
domains, is a widespread mechanism. The CFTR protein is
one of the best-studied cases where the inhibitory effect of
the linker domain is relieved by phosphorylation (Gadsby
et al., 2006). An obvious hypothesis, therefore, is that the
identiﬁed N-terminal phosphorylation sites activate the
protein and/or determine its distribution in the membrane.
Two phosphorylation sites in the linker region of another
ABC transporter, PGP4/MDR4, were also induced. This
protein has been shown to regulate auxin ﬂux in roots
(Terasaka et al., 2005). A possible link between basal
defence signalling and repression of auxin signalling has
been discovered recently (Navarro et al., 2006), although
whether MDR4 plays a role in this link remains to be shown.
In addition to identifying known components of plant
defence responses, several elicitor-regulated phosphoryla-
tion sites were found in proteins that have not previously
been described in the contextof plant–pathogeninteractions
(Table 1). Elicitor-induced phosphorylation of a phosphoi-
nositide phospholipase C (At3g08510) and dynamin
(At1g59610) may reﬂect regulation of phospholipid signal-
ling and/or vesicle trafﬁcking in defence responses. The
membrane protein At2g25270 has a low similarity to
Drosophila Tweety ion channels based on PSI-BLAST
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Figure 2. Differential regulation of three distinct phosphorylation sites on H
+-
ATPases.
(a) ClustalW alignment of the C-terminal protein sequences of all Arabidopsis
H
+-ATPases. Identiﬁed phosphopeptides are marked below and their
sequences are underlined within the alignment. The dashed line for peptide 1
refers to the peptide from AHA3, which is longer than peptide 1 of AHA1 and
AHA2 because of the absence of an additional tryptic cleavage site.
Phosphorylated residues are indicated by black frames.
(b) Time course of the relative abundance (elicited versus control) of the three
phosphopeptides following in vivo elicitation with ﬂg22.
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intriguing induced phosphoprotein is the membrane-bound
RING-H2 protein, ATL6. This protein is one of a large family
of C3H2C3-type zinc ﬁnger proteins with an N-terminal
transmembrane domain (Serrano et al., 2006), and has
ubiquitin ligase activity in vitro (Stone et al., 2005). Protein
ubiquitination has emerged as an important regulatory
mechanism in plant immunity (Devoto et al., 2003). No role
has yet been deﬁned genetically for ATL6, but the transcript
is induced by ﬂagellin in seedlings (Navarro et al., 2004).
Two ATL6 phosphorylation sites are strongly induced
(Table 1), and another phosphopeptide from ATL6 was
sixfold induced in a single experiment (Supplementary
Table S2 and Supplementary Figure S2). These sites are in
the unconserved C-terminal region and are unique for ATL6
and a closely related paralogue, ATL31 (At5g27420). While
phosphorylation of the substrates of E3 ligases has been
shown to be involved in the regulation of protein ubiquiti-
nation, there are relatively few examples of regulation of the
E3 ligases themselves by phosphorylation (Gao and Karin,
2005). Mdm2 is a RING ﬁnger E3 ligase that targets the
tumour suppressor protein p53 for degradation. Phosphory-
lation of Mdm2 by PKB/Akt stabilizes it by decreasing its
auto-ubiquitination activity, which in turn leads to increased
degradation of p53 (Feng et al., 2004). Similarly, multi-site
regulation ofATL6 may either inﬂuenceits activitydirectly or
its interaction with other proteins.
Resolving complex multi-site regulation of proteins
Many of the proteins in our plasma membrane preparation
contained multiple phosphorylation sites (Supplementary
Table S1 and Nu ¨hse et al., 2004), a phenomenon almost
certainly underestimated because of the sensitivity limits of
proteomic techniques. Many of these sites may not be
directly involved in a particular pathway of interest,
emphasizing the need for quantiﬁcation of individual phos-
phorylation sites to understand protein regulation. In this
study, we have been able to quantify several distinct phos-
phopeptides for a family of H
+-ATPases and found strikingly
divergent regulation.
The yeast H
+-ATPase Pma1 is known to be regulated at
multiple phosphorylation sites during maturation in the
secretory pathway and in response to glucose levels
(Chang and Slayman, 1991). Little is know about the
phosphoregulation of plant H
+-ATPases with the exception
of phosphorylation of a conserved penultimate threonine,
which allows binding of a 14-3-3 protein to the C-terminus
and leads to activation of the protein (Olsson et al., 1998).
In an earlier paper, we reported two new phosphorylation
sites at the C-terminus of different isoforms of Arabidopsis
H
+-ATPases (Nu ¨hse et al., 2003b). Another new phosphory-
lation site was discovered in this study, corresponding to
T
881 in either the AHA1 or AHA2 isoforms, and T
882 in
AHA3. The abundance of phosphopeptides including these
new sites transiently decreased in response to ﬂg22
elicitation (Figure 2b, peptide 1). In two other phospho-
peptides, one or more amino acid substitutions distin-
guished unequivocally between AHA1 and AHA2.
Phosphorylation of the penultimate threonine residue
(peptide 3) was consistently reduced to one-third or less
of control levels in both AHA1 and AHA2. Finally, phos-
phorylation of S
899, found independently in AHA1 and
AHA2 (peptide 2), increased threefold in both isoforms.
The nearly identical dynamics of each of these sites in
different paralogues indicates coordinated regulation of
overall proton pumping activity. The observations here are
consistent with the proposed regulation of H
+-ATPase
activity during response to microbial elicitors. The percep-
tion of ﬂagellin, like all elicitors, leads to a rapid alkalini-
zation of the growth medium, most likely through proton
inﬂux into the cell (Felix et al., 1999). Pharmacological
experiments have shown that deactivation of H
+-ATPases
could theoretically account for most or all of this inﬂux
(Schaller and Oecking, 1999). Phosphorylation of the
penultimate threonine residue is considered the major
switch that releases repression of ATPase activity through
the C-terminus (Palmgren, 2001). Therefore, dephosphory-
lation of this residue (Figure 2, peptide 3) should repress
proton pumping, in agreement with the experimental
ﬁndings. Whether the other phosphorylation sites with
strikingly different dynamics also regulate proton pumping
activity directly, or whether they affect protein stability,
localization or other aspects, remains to be established.
Phosphorylation of S
343 and S
347 is required for the
activation of RbohD but is not sufﬁcient
RbohD is the major NADPH oxidase expressed in differ-
entiated plant tissue as well as in cell culture. The role of
ROS produced by RbohD and its partially redundant par-
alogue, RbohF, in defence responses is complex. While
the loss of virtually all measurable superoxide production
in an rbohD mutant does not affect pathogen growth or
resistance in an incompatible interaction, cell death and
the hypersensitive response are reduced or enhanced,
depending on the pathogen (Torres et al., 2002). Later
Torres et al. showed that Rboh-generated ROS control the
spread of salicylate-dependent cell death surrounding
infection sites (Torres et al., 2005), which suggests a role
for the NADPH oxidases in signalling rather than a direct
antimicrobial or cell death-inducing activity. How these
enzymes are regulated in plants is poorly understood. We
had previously identiﬁed up to six in vivo phosphoryla-
tion sites on RbohD (T.S.N. and S.C.P., unpublished
results), of which we could now quantify three sites on
two tryptic peptides. One peptide containing two sites
(S
343 and S
347) was among the most strongly induced by
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are conserved among several of the 10 members of the
Rboh protein family. We found previously that most of
the phosphorylation sites identiﬁed in a large-scale qual-
itative study were unique to individual isoforms (Nu ¨hse
et al., 2004).
In addition to the two strongly induced phosphorylation
sites, S
343 and S
347 (Table 1 and Figure 3a), we quantiﬁed
another RbohD phosphopeptide containing S
26 (Figure 3b).
The abundance of this phosphopeptide did not signiﬁcantly
change. The fact that S
343 and S
347, but not S
26, are induced
by the elicitor suggests that only the former two sites have a
regulatory function during this response. We directly tested
this hypothesis using rbohD mutant plants (Torres et al.,
2002) and an in vivo luminescent assay for superoxide
generation.
We mutagenized either S
343 and S
347,o rS
22 and S
26,i n
genomic clones of RbohD and transformed the mutated
genes under their own promoter into an Ac/Ds insertion
line (rbohD) that is null for the protein (Torres et al., 2002).
S
22 was mutated together with S
26 because a peptide
containing both residues phosphorylated was frequently
found in qualitative experiments, and because the dupli-
cated NSD motif suggests phosphorylation by the same
kinase. Leaf strips from the Col-0 wild-type respond to
1 lM ﬂg22 with a strong transient oxidative burst, starting
after an approximate 2 min lag phase and reaching its
maximum after about 10 min (Figure 4a). The rbohD
knockout mutant generates a background level of lumin-
escence that is indistinguishable from untreated leaf
tissue. Of the three independent lines of RbohD S
343/347A
mutants transformed into rbohD, one line (S
343/347A 2-10)
expressed transcript at a level comparable to the wild-type
RbohD
actin
Col-0
rbohD
S 343/347A 2-10
S 343/347A 1-10
S 343/347A 3-3
Col-0
rbohD
wt
S 343/347 > A
S 343/347 > D
S 22/26 > A
Transformed into rbohD
0
200
400
600
800
M
a
x
i
m
a
l
 
a
c
t
i
v
i
t
y
(
 
a
r
b
i
t
r
a
r
y
 
u
n
i
t
s
)
a
r
b
i
t
r
a
r
y
 
u
n
i
t
s
0
100
200
300
400
500
01 020 time (min)
Col-0
S343/347A  1-10
S343/347A  3-3
rbohD
S343/347A  2-10
(a)
(b)
(c)
Figure 4. S
343/347 are necessary but not sufﬁcient for full activation of RbohD.
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(b) Expression level of the rbohD gene in wild-type and transformants by RT-
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was undetectable in this line (Figure 4a). In two other lines
with RbohD transcript expression levels much higher than
in wild-type (lines 1-10 and 3-3; Figure 4b), elicitor-induced
activity can be detected but is about one order of
magnitude lower than in the wild-type (Figure 4a). In a
separate experiment, maximal ROS-generated lumines-
cence was recorded for several other transformants
(Figure 4c). A range of activities was recorded for lines
that had the wild-type RbohD gene re-transformed into the
rbohD knockout. In all cases, the amount of ROS correlated
with the expression level of the transcript (data not
shown). Although the three S
343/347A mutant lines again
produced little or no ROS, neither transgenic lines expres-
sing a S
22/26A mutant were impaired in elicitor-induced
superoxide production (Figure 4c), suggesting that these
sites do not participate in phosphoregulation of the protein
in this context. Therefore, only the differentially phosphor-
ylated residues are required for enzyme activity.
Interestingly, phosphorylation of S
343/347 appears to be
necessary but not sufﬁcient for full activation of RbohD.
The amount of ROS produced in plants expressing the
phosphomimetic mutation S
343/347D in the rbohD back-
ground was similar to wild-type (Figure 4c), and these
plants did not constitutively produce ROS or display
phenotypic symptoms (data not shown). Given the dam-
age that uncontrolled superoxide production would do to
the cell, it is perhaps unsurprising that the enzyme is
under tight control from multiple regulatory mechanisms.
However, what these mechanisms are is still largely an
open question in plants. Like their animal homologues,
plant NADPH oxidases are regulated by small G proteins
(Kawasaki et al., 1999), but clear homologues of the
regulatory proteins for mammalian NADPH oxidases
(p40, p47 and p67) appear to be absent from plant
genomes. RbohD contains a calcium-binding EF hand
(Keller et al., 1998) and is calcium-activated in vitro.I n
recent years, non-phagocytic NADPH oxidases (Nox) have
been characterized that show a number of variations in
their post-translational regulation (Sumimoto et al., 2005),
including human Nox5 and Duox1/2 with four EF hands.
Regulation by direct phosphorylation, however, has not
been reported for any of these mammalian enzymes.
Therefore, the direct phosphoregulation of RbohD may
reﬂect a new paradigm for regulation of these unusual
NADPH oxidase enzymes. The elicitor-induced phosphory-
lation sites S
343/347 of RbohD are conserved in RbohF and
the largely root-speciﬁc isoforms RbohA, C, G and I. It will
be interesting to test whether the activity of RbohC in the
developmental pathway of root hair initiation (Foreman
et al., 2003) requires the same phosphorylation sites.
A recent paper (Benschop et al., in press) describes a
highly related study – the dynamics of protein phosphory-
lation at the plasma membrane of Arabidopsis cells in
response to microbial elicitors – but using a different
quantitative strategy. They metabolically labelled cells with
15N as sole nitrogen source and compared phosphopep-
tides from
14N-cultured control and
15N-cultured elicitor-
treated cells or vice versa. In this case, the quantitative
information is acquired at the MS stage rather than MS
2 as
with the iTRAQ labels used in the present study. Regula-
tion of many of the ﬂagellin-induced phosphorylation sites
is in quite good agreement between the studies, including
those in PEN3, the protein phosphatase 2C, ATL6, dynamin
and RbohD. Our present study reports fewer phosphory-
lation sites as differential compared with the
15N study,
partly because of differences in instrument time per
experiment but largely because of the choice of statistical
reference. Standard deviations for treated/control ratios
based on non-phosphorylated peptides reﬂect variation of
protein loading but not stability of phosphorylation levels.
Basing signiﬁcance levels on the distribution of phospho-
peptides, we have discarded most changes smaller than
approximately twofold. A number of peptides just below
this threshold in our study show the same trend as
reported by Benschop et al., as did additional phospho-
peptides that we discarded because they were only found
in two experiments. These results encouragingly show that
in a rapidly evolving ﬁeld such as proteomic technology
different approaches can yield similar results.
Conclusions
Our current detailed knowledge of most signal transduc-
tion pathways is the product of many years, sometimes
decades, of research into their individual constituent parts
and the way they are connected. Protein phosphorylation
events and activated kinases in particular have typically
been identiﬁed one by one. The fruit of this painstaking
labour is our ability today to integrate this knowledge into
predictive models (Citri and Yarden, 2006). Recently, pro-
teomics has joined other large-scale genomic approaches
in contributing to the systems biology of signal transduc-
tion. Progress in mass spectrometric technology has
revolutionized the analysis of protein-based processes. Our
ability to identify protein phosphorylation sites on a large
scale is one of the most striking areas of progress (Collins
et al., 2005; Ficarro et al., 2002; Nu ¨hse et al., 2003b). These
data have provided intriguing insight into characteristics of
protein phosphorylation generally (Nu ¨hse et al., 2004), and
will facilitate improvements in algorithms that predict
phosphorylation sites from primary sequences (Schwartz
and Gygi, 2005). Quantifying the dynamics of phosphory-
lation reconnects to biology, and has revealed ﬁne regu-
latory details of the well-understood model system of Erb
family receptors (Blagoev et al., 2004). Here, we have
demonstrated the use of quantitative phosphoproteomics
via iTRAQ labelling for pathway discovery and structure–
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forward genetics, this approach has the advantage of not
only revealing the identity of candidates but also indicating
likely regulatory sites that are relevant in this context, as
we have shown for RbohD. Therefore, phosphoproteomics
is an emerging strategy that is complementary to the
genetic approaches prevalent in Arabidopsis research, and
will greatly enhance our understanding of plant signalling
pathways.
Experimental procedures
Cell culture and plasma membrane isolation
Suspension cultures of Arabidopsis thaliana ecotype Landsberg
were maintained as previously described (May and Leaver, 1993;
Nu ¨hse et al., 2000). Cultures (400–800 ml) were treated 6 days after
subculture with 100 nM of ﬂg22 peptide (Felix et al., 1999). After the
indicated times, cells were rapidly collected by ﬁltration, and
homogenized in 2 ml g
)1 fresh weight ice-cold buffer H (250 mM
sucrose, 50 mM HEPES/KOH pH 7.5, 50 mM Na4P2O7,2 5m M NaF,
5% glycerol, 0.5% polyvinyl pyrrolidone, 10 mM EDTA, 1 mM
Na2MoO4,1m M phenyl methyl sulfonyl ﬂuoride, 25 nM K-252a,
2n M calyculin A). Crude microsomes were isolated by differential
centrifugation (10 min at 1500 g; supernatant for 45 min at
100 000 g). Microsomal pellets were rinsed in buffer R (250 mM
sucrose, 5 mM potassium phosphate pH 7.5, 6 mM KCl) and then
resuspended in 8 ml buffer R. Three rounds of phase-partitioning in
a 24 g system (6.0% Dextran T-500, 6.0% PEG-3350 in buffer R) were
performed as described previously (Nu ¨hse et al., 2003a). Plasma
membranes were harvested by ﬁvefold dilution in buffer R plus
0.02% Brij-58, and centrifugation for 60 min at 100 000 g.
Tryptic digest, iTRAQ labelling and IMAC
The plasma membrane pellet was washed once each in 100 mM
Na2CO3, 500 mM triethyl ammonium bicarbonate (TEAB) and
50 mM TEAB, respectively, by resuspending and centrifugation for
45 min at 100 000 g and 0 C. After the last wash, the pellet was
resuspended in 30–40 ll5 0m M TEAB, and the protein concentra-
tion determined by BCA assay (Pierce, http://www.piercenet.com).
Each sample (100 lg) was denatured, digested with 10 lg sequen-
cing grade modiﬁed trypsin (Promega; http://www.promega.com/)
and iTRAQ-labelled according to the manufacturer’s instruction
(Applied Biosystems; http://www.appliedbiosystems.com/). The
four separate labelling reactions were combined, 400 ll water were
added, and the sample lyophilized. Peptides were redissolved in
2.5% formic acid/30% acetonitrile, cleared by centrifugation (10 min
at 15 000 g, room temperature) and loaded onto a 0.4 ml ICAT
cation exchange cartridge (Applied Biosystems). After a 2 ml wash
with solvent A (5 mM ammonium formate pH 2.7/30% acetonitrile),
peptides were eluted in four steps of 0.5 ml solvent A plus 10, 30, 50
and 100 mM ammonium formate. The eluates were lyophilized,
redissolved in 200 ll of 250 mM acetic acid/30% acetonitrile, and
phosphopeptides isolated with 40 ll of Phos-Select resin (Sigma-
Aldrich; http://www.sigmaaldrich.com/) in spin columns according
to the manufacturer’s instructions. After elution with 400 mM
NH4OH/30% acetonitrile, phosphopeptides were concentrated to
approximately 20 ll in a vacuum, acidiﬁed with formic acid to a ﬁnal
concentration of 1%, and kept at )70 C until analysed.
Mass spectrometry and quantiﬁcation of phosphopeptides
Detailed procedures are given in Appendix S1. Brieﬂy, peptides
were loaded directly onto a reverse-phase capillary column and
eluted into the nano-electrospray ion source of a quadrupole time-
of-ﬂight mass spectrometer (Q-ToF2, Micromass UK Ltd, http://
www.waters.com). Fragment ion spectra were searched using
the MASCOT search tool (Matrix Science Ltd, http://www.
matrixscience.com). Quantiﬁcation of the m/z 114–117 peak areas
was performed using the iTracker program (Shadforth et al., 2005).
To distinguish true biological induction from technical variation,
signiﬁcance levels at P = 0.05 and P = 0.1 were calculated from a log
normal distribution of the fold-change ratios for the 7 min point in
each experiment. For this calculation, we excluded data from
peptides with Mascot scores under 30 (with potentially poor ion
statistics and thus unreliable peak area quantiﬁcation).
Generation of mutant RbohD transformants
A 6.0 kb genomic fragment of rbohD containing 1.5 kb upstream
sequence was ampliﬁed from genomic DNA with the primers
5¢-GCGGTACCCCCCTCTAGTTCTTGTGA-3¢ and 5¢-GGTGGATCCG-
ACGTAAACGCAAGAAGAC-3¢, and cloned into pCAMBIA2300.
Fragments between the endogenous restriction sites EcoRI/MluIo r
MluI/KasI were subcloned and mutagenized to generate the S
22/26 or
S
343/347 changes, respectively (MCLAB, http://www.mclab.com).
Mutant or wild-type constructs were transformed into rbohD, and
homozygous transformants were identiﬁed by segregation of
kanamycin resistance. Expression levels were analysed by RT-PCR,
using RNA isolated with Trizol reagent (Sigma). A 1.5 kb fragment
spanning the Ac/Ds insertion site in rbohD was ampliﬁed from
cDNA using the primers 5¢-CGGCCATCCACGCACTCAA-3¢ and
5¢-AACGGTCCTGAGCTTACGTGT-3¢ (27 cycles, 60 C).
RbohD activity assays
Fully grown leaves of 6-week-old plants (250 mg material combined
from several plants) were cut into 4 mm
2 squares with a razorblade
and ﬂoated on ddH2O for 6 h. The liquid was then carefully aspir-
ated and replaced with a solution containing 1 lM ﬂg22, 10 lgm l
)1
horseradish peroxidase (Sigma, type VI-a; diluted from a
10 mg ml
)1 stock in DMSO) and 50 lM luminol (diluted from a
100 mM stock in 250 mM KOH) in ddH2O. Chemiluminescence was
measured in a Photek high-resolution photon counting system
(HRPCS 218, camera model 6045-2/2149-1; Photek, http://
www.photek.com).
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